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A thin film photodiode whose active layer is thinner than the wavelength of the incident light is
described. A part of the incident photon is detected and the rest transmits through the thin film
photodiode without absorption. Being inserted in the optical field, this sensor is applied to construct
the new interferometer detecting the intensity profile of the standing wave of the thinnest
interference fringe. © 1999 American Institute of Physics. @S0003-6951~99!03740-7#Laser interferometry is a well-developed technique for
the displacement measurement since it has high resolution
and gives noncontact measuring methods.1 In many systems
~e.g., Michelson interferometer!, the cubic beam splitter or
the half mirror are used for making sensing and reference
beams from a laser beam and for superposing these beams
which have propagated each interferometer arm. The inter-
fering beams are almost in the same propagating directions.
There are some cases where the parallel interfering beams
are extracted from the beams having different propagating
directions using birefringent calcite prisms2 or gratings.3 The
obtained interference fringe is in the transverse direction.
This fringe is projected onto a photodetector and the lateral
shift of the fringe is measured. Another method for super-
posing optical beams is the optical feedback technique.4 The
basis is the mixing between the backscattered sensing beam
by the moving sample and the optical field inside the laser
diode. The output intensity of the laser diode is periodically
modulated with the distance of an external reflector. The
advantage of this technique is the simple configuration using
the laser diode as an optical phase detector as well as the
light source. The disadvantages are limitation in the dynamic
range of the measurement by the mode hopping of the laser
diode and the lack of a stable operation.
In this study, the new interferometer based on the stand-
ing wave detection is developed. The beam splitting is not
necessary and the simple configuration is realized. The laser
beam is normally incident on the moving mirror and backre-
flected producing the standing wave. This thinnest interfer-
ence fringe is measured by the photodiode whose active
layer is thinner than the pitch of the standing wave.
Figure 1 shows the principle of the standing wave detec-
tion. The active layer which absorbs the photon is thinner
than the wavelength of the incident light beam including the
refractive index. The light beam transmits through the thin
film photodiode before the absorption and then reflects on
the downstream mirror placed on the moving sample. The
reflected light beam is again incident on the active layer from
the back surface. The incoming and reflected beams super-
pose each other. The standing wave occurs including the
photodiode active layer. The conventional bulk photodiode
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light beam, whereas the thin film photodiode does not disturb
the optical field very much allowing the light beam to trans-
mit through the sensor.
The following estimation is a zeroth order approxima-
tion neglecting the absorption decay of the light intensity in
the thin Si layer. E1 is the normally incident forward propa-
gating light beam. E2 is the normally incident backward
propagating light beam, which has reflected at the sample
surface. These fields inside the active layer can be written as
follows:
E15E0ei(vt2kn2x), ~1!
E25E0ei(vt22kn1l22kn2ta1kn2x1p). ~2!
Suppose the positive direction of x points at the reflecting
mirror. The region 0<x<ta is the active layer of the thin Si
film, l is the distance between the active layer and the reflect-
ing mirror. k52p/l , l is the wavelength of the incident
light beam, and n1 and n2 are refractive indexes of the air
and Si, respectively. The phase shift caused by the reflection
and the amplitude reflectance are supposed to be p and unity,
respectively. The photodiode signal I is considered to be pro-
portional to the field intensity of the standing wave stored
inside the active layer
FIG. 1. Schematic diagram to explain the principle of the standing wave
detection.8 © 1999 American Institute of Physics
 AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
2009Appl. Phys. Lett., Vol. 75, No. 14, 4 October 1999 Sasaki, Mi, and HaneI}E
0
ta
uE11E2u2 dx ~3!
52E0
2H ta2 sin~kn2ta!cos~2kn1l1kn2ta!kn2 J . ~4!
The first term of Eq. ~4! is the absorption in proportion to the
film thickness. The second term is the interference signal. If
the sample moves ~l changes!, the photodiode signal I
changes having the period of l/2n1 . When the active layer is
at nodes ~or antinodes! of the standing wave, the photocur-
rent decreases ~or increases!. The amplitude of the interfer-
ence signal becomes maximum when the condition of
usin(kn2ta)u51 is satisfied. This condition gives the thickness
of the active layer; ta5l/4n21ml/2n2 (m50,1,2 . . . ).
Since our approximation neglects the absorption in the Si
layer, the larger value of m (51,2,3 . . . ) will be not so ap-
propriate. Considering the refractive index of Si of ;3.5, the
film thickness is aimed to be 40 nm in this study. Such thin
Si film will be fully depleted in the depth direction.5 So, the
pn junction is designed to grow in the lateral direction along
the sensor surface. As can be seen from Eq. ~4!, the contrast
of the photocurrent signal can be expressed as follows:
Imax2Imin
Imax1Imin
5
usin~kn2ta!u
kn2ta
. ~5!
The thinner active layer gives higher contrast up to 100%.
Figure 2 shows the schematic diagram of the interferom-
eter. There is no reference mirror. The wave front of the
incoming laser beam is the reference. The interferometer is
realized using the counterpropagating two beams. The light
sources are a red ~632.8 nm, 7 mW! and green ~543.5 nm,
0.75 mW! He–Ne laser. The reflecting mirror is placed
;45 mm away from the thin film photodiode, and moved by
the piezo actuator.
Figure 3 shows the fabricated thin film photodiode. The
initial Si-on-insulator wafer is made by the direct wafer
bonding between Si and quartz. The photodiode area is 1
31 mm2, and the laser beam having 1 mm diameter can be
used. The overall transmission rate reaches 70% in power.
Two comb shaped regions ~p1 or n1 regions! are seems to
be a slightly different color. The depletion region extends
like a snake between these regions for gathering the pro-
duced photocarrier as much as possible. The apparent sensi-
tivity of the thin film photodiode is ;0.01 mA/W. This value
is 4 orders smaller than that of the bulk Si photodiode. This
is reasonable for the present design. The absorption rate is
FIG. 2. Schematic diagram of the interferometer using the thin film photo-
diode. The polarizing beam splitter ~PBS! and l/4 plate work as an isolator.
These elements are not necessary for the essence of the standing wave
detection.Downloaded 02 Oct 2008 to 130.34.135.158. Redistribution subject toestimated to be 0.6% in power.6 ~The transmission rate is
almost decided by the reflection at Si–SiO2 and SiO2–air
interfaces.! In addition, the high sensitivity area is 40% of
the total of the photodiode area at maximum.
Figure 4 is the obtained interference signal. An interfer-
ence signal having .100 nA peak-to-peak amplitude and
high contrast of ;80% is obtained. The period is in good
agreement with l/2 for each wavelength. The new interfer-
ometer is stable and does not show any problems indicated in
the optical feedback technique. The interference signal is
very sensitive to the photodiode fixation and the dust ad-
sorbed on the reflecting mirror or the photodiode surface.
The interference signal is not purely sinusoidal. The signals
due to the multiple-beam interference caused by the reflec-
tion at interfaces in the thin film photodiode may be in-
cluded. If the reflection at interfaces is reduced using the
antireflection coat or structure in the sensor, the purer stand-
ing wave profile will be obtained. The major signal still
seems to be caused by the standing wave, since the overall
transmission rate is 70%. The high contrast of ;80% cannot
be explained without the signal caused by the standing wave.
Figure 5 is the relation between the signal contrast and
the angle of incidence on the photodiode surface. The high
contrast is obtained only in a narrow region. If the photodi-
ode surface slants against the wave front of the incident laser
beam, the interference signal having the different phase will
FIG. 3. Micrograph of the thin film photodiode. Thin Si film seems yellow
to the human eye.
FIG. 4. The interference signal obtained from the thin film photodiode. The
interference period to the lateral axis is slightly changed due to the hyster-
esis of the piezo actuator. Even after the mirror is moved by 20 mm using
the cross-roller stage, the interference signal shows a similar amplitude and
contrast.
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region can be roughly estimated by 6l/2s560.3 mrad ~s is
the span of the photodiode area: 1 mm!. This value is in good
agreement with the experiment.
In the Wiener’s first experiment to show the existence of
the standing wave, the intensity profile of the standing wave
is observed after the development of the transparent photo-
graphic emulsion.7 Thin film photodiode realizes the real
time measurement. The standing wave profile has been used
inside many resonant cavity enhanced photonic devices.8
The sensitivity of the infrared detector is increased using the
backreflection mirror and the absorption layer placed at the
antinode of the standing wave.9 The light output intensity of
the light-emitting diode is enhanced by placing the active
area into an antinode position.10
In conclusion, the new photodiode whose active layer is
thinner than the optical wavelength has been developed and
the new interferometer is constructed detecting the standing
wave. The transparency of the sensor enables us to detect a
FIG. 5. . The relation between the contrast of the interference signal and the
angle of incidence on the sensor surface. The light source is a red He–Ne
laser.Downloaded 02 Oct 2008 to 130.34.135.158. Redistribution subject topart of the optical intensity not disturbing the optical field
very much. The thin film photodiode has the high spatial
resolution in its thickness direction and allows us to use the
counterpropagating beams as the interfering beams. This
function does not conflict with the previously developed
measuring techniques. For example, the direction sensitive
detection is technically feasible. If two thin film photodiodes
are arrayed on the sensor substrate, two interference signals
can be obtained. The phase shift of one quarter of the inter-
ference period can be obtained when a glass layer is inserted
to shift the relative position between one photodiode and the
standing wave profile.
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